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PREFACE

This report documents the F-100-P-100 afterburner emission measure-
ments and data reduction performed during the period November 1976
through Dec 1977 by Scott Environmental Technology, Inc, Plumsteadville
PA 18949, under contract FY8952-77-625 with Det 1 Armament Development
and Test Center, Air Force Systems Command, Tyndall Air Force Base FL
32403. Lieutenant Harold A Scott, Det I ADTC/ECA managed the program.

A special thanks is given 1o Col William R. Quasney, Aeronautical
Systems Division/YFJ, for initiating the F-100 engine test program and
Pratt and Whitney Aircraft, Government ProJucts Divison, West Palm Beach
FL for their support of the project.

The low cost afterburner sampling probe was developed by Mr Richard
Williams, ARO, Inc, utder contract to Arnold Enqineering Development
Center, Arnold Air Force Station TN and Det 1 ADTC/ECA.

This report has been reviewed by the Office of Information (10) and
is releasable to the National Technical Information Service (NTIS). At
NTIS, it will be available to the general public, including foreign
nations.

This report is approved for publication.

"V L
HAROLD A. SCOTT, 1st Lt, USAF R S. DALEY, Maj, USAF, BSC
Air Quality Research Engineer Chief, Env Assessment Research Div

LEY, , BSC JPZZUTO, Col, USAF, BSC

Director ot Environics Commander
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SECTION I

INTRODUCTION

The F-15 and F-16 aircraft will be deployed in large numbers during

the 1980s. Each time one of these aircraft is deployed at a U.S. Air

Force installation, the aircraft's impact on the air quality must be
assessed. Accurate engine emission factors are required to make air

quality impact assessments. The emission factors are determined from
actual exhaust plane measurements at each engine thrust setting. All
thrusts except afterburner have been measured in previous tests. High
temperatures and pressures did not permit afterburner emission measure-
ments. The afterburner emission factors are extremely important to
impact assessments because of high fuel flow rates and reactive plumes.

Scott Environmental Technology was contracted by Det 1 ADTC to
measure ,iinimum and maximum afterburner pollutant concentrations from
three F-100-P-100 turbine engines. The raw measurement data, exhaust
plane and downstream steady state emission factors are presented in this
report. Steady state emission factors were derived by using an afterburner
reactive plume model, these provide an estimate of the actual rate of
the pollutants entering the ambient air.

I= 1



SECTION II

EMISSION MEASUREMENTS

2.0 F-100 Emission Measurements

The F-100-P-100 engine exhaust emissions were measured using the AF
Mobile Emission Measurement Laboratory (MEL). The MEL's instrumentation
and sampling systems are described in Reference 1. The F-100 emission 6
tests were performed on an outdoor sea level static test stand at Pratt
and Whitney's West Palm Beach Facility. The jet exhaust blew straight
back from the test stand without confinement. The engine's mounting
rails were on an elevated platform. The probe's transversing assembly
was mounted on the platform such that the sample inlet ports were located
0.127 meters behind the engine exhaust plane. The MEL was located
adjacent to the test stand on the opposite side of the existing sound
barrier wall. The noise level within the MEL during the minimum and
maximum A/B tests (up to 95 dba) required the use of ear protection
devices.

A specially designed, water cooled, "quick" quench A/B probe was
used to sample the engine exhaust emissions (Figure 1). The probe's
sample inlets were recessed and encased in a steel jacket. Water was
circulated through the jacket at a regulated maximum flow rate of 1.26
I/s to keep the probe from melting under the 2000 0C plus exhaust tem-
peratures. The probe cooling water was heated and kept at 148 0 C to
prevent condensation of the gaseous exhaust emissions and particulate
matter.

The probe quenches or "stops" the chemical reaction of the gas.
This quenching effect is accomplished by expansion cooling and heat
transfer in the probe. Thus, the carbon monoxide, hydrocarbon and other
gaseous pollutant emissions at the exhaust plane represent emissions
before any plume ractions takes place. The tests consisted of exhaust
gas and smoke level emissions analyses.

The emission analyses were performed using the MEL. The MEL meets
all the standards set by the Environmental Protection Agency (40CFR87)
and the SAE Aerospace Recommended Practice (ARP) 1256. It is a state-
of-the-art analysis system for turbine engine exhaust emission measurements.

Thirteen point samples were taken at each power setting, six on
each sampling diameter of the plus and minus thirty degree axes plus the
center (Figure 2). The F-100 exhaust nozzle diameter varies with the
A/B power setting. Therefore, the point locations along the savpling
diameter representing equal areas were calculated for both the minimum
and maximum A/B power settings. Thn noriMal QamPling POints ,,9ed &re
shown in Table 1 and correspond to the sampling point numbers in Figure
2. The engine was operated continuously at both minimum A/B and maximin
A/B for the emission tests.

2
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Figure 1. A/B Sampling Probe
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Figure 2. Probe Positioning Assembly (Front View)

4



TABLE 1. F-100 A'B SAMPLE POINTS

Sample Point [•dius (meters)

Power Nozzle Diameter Points Points Pointf;

Setting (motors) No 1 and 6 No 2 and 5 No 3 and 4

Minimum A/B 0.62 0.28 0.22 0.13

Maximum A/B 0.78 0.36 0.91 0.16



The total hydrocarbon, carbon monoxide, and total oxides of nitrogen
emission rates for minimum and maximum AB thrust power settings were
computed directly from the measured exhaust concentrations (Reference
1). Sulfur emission rates were determined assuming complete oxidation
of the fuel sulfur to sulfur dioxide and fuel flow rates. Emission
rates are reported as emission indices (g pollutant/per kj fuel) and
kg/hr. The reports containing the results are presented in the appendix
as follows:

a. model summary Report (Appendix A) - A statistical summary
of the test results presented in an emission index format.

b. Individual Engine Test Reports (Appendix B) - Each engine's
test results are described.

The raw data are also in the appendix. These data are catagorized in
the following reports: Mass Calculation; Engine Edit Report; Smoke Edit
Report; and Concentration Edit Report (Appendices C through F).

2.1 Emission Tests

The F-100-P-100 engines reached an average maximum A/B thrust of
89500 N with exhaust temperatures exceeding 20000C. These conditions
caused minor problems with the probe assembly and sampling systems. The
problems did not have any significant effect on the overall results.

The iridium-iridium/rhodiutm thermocouple (Figure 1) performed for
seven of the thirty-nine sample points tested. A maximum temperature of
20930C was recorded. The extreme vibration and heat destroyed the
thermocouple's zirconia shield within the first ten minutes during all
three maximum A/B tests. The average for the seven recorded temperatures
are used in mass flow calculations. The use of ar average temperature
did cause some problems with the hydrocarbon emission calculations and
these problems are discussed in 2.2. The thermocouple assembly performed
well for the minimum A/B measurement. A maximum temperature of only
760 0 C was recorded for minimum A/B.

The intense vibration loosened the probe assembly's fittings and
fasteners. However, no sample line leaks were detected. Minor probe
positioner repairs were required after the first minimum A/B test. No
other repairs were made for the rest of the tests.

The high water content of the exhaust (approximately 14 percent)
caused some difficulties in the analysis equipment. The water was kept
in the gas phase by heating the instruments and sample lines in the MEL.
All l4nes were heated to a minimum temperature of 66 0 C. Nevertheless,
a small amount of watitr condensed in the lines and flowmeters downstream
of the analyzers. Water droplets made it difficult to read the sample
flow rates.



2.2 Data Observations

The total hydrocarbon levels at Max A/B power were much lower on
the first engine tested than on the subsequent two engines. The emission
index value for the first engine was 0.6 g/kg and the other two were 5.3
and 5.0 g/kg hydrocarbon index. The value of 5.0 g/kg hydrocarbon index
on engine three is the area weighted value. Only seven temperatures
were recorded for the Max A/B run. Since only those data points where
temperature was recorded could berused to determine mass flow and the
average emission index, the mass flow weighted average hydrocarbon index
produced a distorted value of 3.6 g/kg of fuel. Therefore, mass weighted
value for the hydrocarbon index was not used in the Model Summary (Appendix
A).

The values of carbon monoxide emission index, total oxides of
nitrogen emission index and smoke number are consistent in both power
settings tested. The carbon monoxide levels at maximum A/B were greater
than expected. The values were beyond the normal range of the MEL's
instrumentation. A special calibration of the high concentration carbon
monoxide analyzer was performed using two calibration gases borrowed
from Pratt and Whitney. The carbon monoxide values measured at maximum
A/B were consistent for all sample points except those on the outer edge
of the exhaust plume. Checks of a similar instrument's electrical
response indicates that the output electrical signal was still well
below the staturation level.
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SECTION III

DISCUSSION OF RESULTS

3.0 Emission Factors

The best estimatesF-100-P-100 minimum and maximum A/B engine

emission factors have been determined from the emission measurements.

Gaseous emissions factors and smoke numbers (Table 2) are means for the

three engines tested. In addition, J-79 reactive plume model factors are

presented (Reference 2). The "A/B reactive plume" emission factors

should be used where indicated. They are an approximation of the actual

A/B pollutant emissions entering the atmosphere and are discussed in 3.2.

TABLE 2. F-100-P-100 ENGINE EMISSION FACTORS-

Gaseous Emissions

Emission Index Emission Rate
Grams Pollutant Per Kilograms Pollutant

Pollutant Mode Kilograms of Fuel Per Hour

Total Hydro- Min A/B* 7.4 (0.1) 39.0 (0.05)

carbons Max A/B* 3.6 (0.01) 76.2 (0.21)

Carbon Monoxide Min A/B* 25.1 (4.06) 132.9 (21.53)
Max A/B* 140.4 (4.06) 2929.9 (84.73)

Total Oxides Min A/B* 22.3 118.3
of Nitrogen Max A/B* 5.6 116.4

Parameter Mode Smoke Number

Smoke Number Min A/B* 14
Max A/B* 6

*Average Fuel Min A/B 5.8 kg/s

Flow Rates Max A/B 1.4 kg/s

( ) tndi(cate!. a polbiutant omission factor corrected for a A/D plume

r~inrct~on (ne;! 3.2).



3.1 Analysis of Emission Factors

The A/B exhaust plane measurements must be analyzed very carefully
for use in emission calculations. The afterburner has a significant
effect on the pollutant emissions especially carbon monoxide and hydro-
carbon. Further reaction of these two pollutants occurs in the plume
downstream of the engine exhaust noz7-e (Reference 2). Both pollutants
are reduced by chemical reaction at a distance aft of the exhaust plane.
There the carbon monoxide and hydrocarbon steady-state emissions entering
the atmosphere are much lower than the exhaust emissions reported here.

To estimate carbon monoxide and hydrocarbon steady-state emission
factors, previous J-79-G-15 and J-85-G-3 A/B reactive plume tests and
models can be used (Reference 2). The results of computations based on
these engines are presented in Section I1. The emission factors are
estimates for a point six meters aft of the engine exhaust plane where
steady-state emission conditions exist. The minimum A/B carbon monoxide
emissions (25 kg/s) are probably higher than maximum A/B (3.6 kg/s)
because of partial oxidation of the emitted hydrocarbons at minimum A/B.
At maximum A/B, with a near stoichiometric fuel-air ratio, rapid oxida-
tion of carbon monoxide occurs in the plume along with complete consump-
tion of hydrocarbons. The high maximum A/B carbon monoxide exhaust
plane emissions are probably caused by equilibrium dislocation and
localized oxygen depletion (Reference 2).

Oxides of nitrogen do not significantly react in the plume (Reference
2). Thus, the exhaust plane oxides of nitrogen measurements can be used
as emission factors. The decrease in SN from military (SN - 31) (Reference
1) to maximum A/B (SN = 6) is caused by the combustion of smoke particles
in the afterburner flame.

The F-100-P-100 exhaust emission factors should be confirmed using
an A/B reactive plume model or downstream measurements. In the absence
of this validation, the carbon monoxide and hydrocarbon emissions indicated
in Section 1I should be used for F-100-P-1O0 emission calculations. This
will probably lead to a high emission estimate for carbon monoxide
because the F-100's combustor and A/B temperatures are higher than
those of the J-79.

9
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